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Abstract: A hydrodynamic vortex separator (HDVS) has been studied under laboratory
conditions by using a speciﬁcally designed rig. Pressure tapping points placed at eight loca-
tions, six external and two internal, have revealed an even radial pressure distribution on the
outer walls and central shaft. The ability of the HDVS to separate particulates has been stud-
ied. The particulates have been characterized by measurements of particle diameter and settling
velocity, which have allowed efﬁciency cusps to be plotted against dimensionless groups used by
other researchers. Owing to an unsatisfactory reduction of the data to a single curve by plotting
the efﬁciency against dimensionless groups, an efﬁciency law has been determined based on the
logistic equation and describes the separation efﬁciency in terms of the inlet ﬂowrate, volume of
the separator, and particle diameter and density.
Keywords: combined sewer overﬂow, hydrodynamic vortex separator, retention, separation,
efﬁciency
1 INTRODUCTION
Older urban drainage systems, particularly in Europe,
consist of combined sewers that are used to carry foul
sewage and storm water. This can result in a large
quantity of grit requiring removal at the prelimi-
nary stage of treatment, necessary to avoid damage
to machinery such as pumps and valves, and accu-
mulation in downstream process chambers [1]. One
method of performing this is through the use of a
hydrodynamic vortex separator (HDVS), whereby grit
settles due to the force of gravity [2]. Sufﬁcient resi-
dence time for this to take place is provided by the
rotary nature of the path of the grit through the
separator.
Figure 1 shows a schematic of a Grit King®, a form of
HDVS analysed in this study, which is used for sewage
grit removal [3]. The ﬂuid enters the HDVS through
a tangential inlet, marked in Fig. 1 by ‘A’, and upon
entering the main chamber strikes a deﬂector plate
‘B’. The ﬂuid tends to take a path through the HDVS
such that it rotates down around the outer part of the
separator and upon reaching the bottom of the cone
∗Corresponding author: School of Engineering, Cardiff Univer-
sity, The Parade, PO Box 925, Cardiff CF24 3AA, UK. email:
odoherty@cf.ac.uk
‘F’ it rotates up through the central region between the
dip plate ‘E’ and the central shaft ‘G’ before leaving
through the overﬂow ‘J’. Separated solids are collected
in the grit pot ‘H’, which are removed either by an
underﬂow component through the central underﬂow
‘I’ or by the use of a submersible pump, typically on
an intermittent ‘batch’ basis. Hence, in this study, the
HDVS is considered operating without an underﬂow
component. The vent box ‘C’ allows the air trapped
between the dip plate and the vessel wall ‘D’ to
escape when the ﬂuid level within the device ﬁlls the
separator.
The operation of these systems to date has been
difﬁcult to quantify such that a single equation may
be applied to predict the separation performance of
such a device operating without an underﬂow. Many
researchers have used dimensionless groups to reduce
the spread of efﬁciency cusps, but few report on
the successful ﬁt of a function to the data. Freder-
ick and Markland [4] related the efﬁciency to the
dimensionless group VsC0.5d /U , where Vs is the ter-
minal settling velocity of the particle, Cd is the drag
coefﬁcient, andU is themean velocity at the inlet.This
was used while plotting retention efﬁciency curves
for the particles entering a stilling pond – a form of
combined sewer overﬂow (CSO) treatment chamber.
This dimensionless group can be computed directly
in combination with equation (1), when the particle
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Fig. 1 Schematic of a 0.75m diameter Grit King®
properties are known and the particles are assumed to
be spherical
Vs =
√
4dg(ρp − ρf )
3Cdρf
(1)
where d is the particle diameter, m; g is the acceler-
ation due to gravity, m/s2; ρp is the particle density,
kg/m3; and ρf is the ﬂuid density, kg/m3.
Halliwell and Saul [5] by studying CSO chambers,
related theefﬁciency to thedimensionlessgroupVs/U .
Application of this group requires either knowledge of
the particle settling velocity or knowledge of the par-
ticle properties such that the particle settling velocity
may be computed theoretically [6].
Fenner and Tyack [7] proposed a ‘hybrid’ scaling
law for particle retention efﬁciency that combined
Froudian and Hazen scaling. The Froude number is
given by Q2/D5Sg , where DS is the diameter of the
HDVS, and the Hazen number, (Q/AS)/Vs, where AS
is the plan area of the separator and Q is the inlet
ﬂowrate. A drawback of the scaling law proposed by
Fenner and Tyack [7] is that the efﬁciency is calcu-
lated based on prior knowledge of the efﬁciency of
a separator of a scaled size.
Researchers have found a relationship to describe
the efﬁciency of an HDVS while operating with a con-
stant underﬂow component [8]. This took the form of
equation (2)
η = 1 −
(
1 − q
Q
)
exp
(
−k Vs
U
)
(2)
where q is the underﬂow discharge, m3/s, and k is
a constant.
This function demonstrated that the efﬁciency was
only dependent on the ﬂow ratio q/Q and the ratio
Vs/U . One limitation of this work was that it only
considered particles of a single density.
2 EXPERIMENTAL SETUP
Figure 2 shows a schematic of the custom-built rig
used for testing the 0.75m diameter HDVS.
Water is pumped to a header tank, marked ‘A’ in
Fig. 2, where a constant head is maintained by the
vertical pipe marked ‘B’. Pipe ‘C’ is used for feeding
water to the HDVS via a vertical section that comprises
a butterﬂy valve ‘D’ chosen for ease of controlling
the ﬂow. A horizontal distance of ∼45 diameters of
straight pipe precedes the inlet to the separator so that
a reasonably developed ﬂow is allowed to establish.
Particles are released into pipe ‘C’ in the header tank,
where access can be gained by the stand ‘E’. Release
of the particles at this point was preferable to a stand
pipe that would be positioned relatively close to the
separator and would not allow a reasonable distance
for the particles to settle before entering the separator,
as it has been shown that the position of the particle at
entry to an HDVS may affect the efﬁciency [9]. Hence,
the particles enter the separator at what is thought to
be a realistic position in the vertical plane of the inlet
pipe. Flow measurement was via an electromagnetic
ﬂowmeter marked ‘F’. Once water passes through the
HDVS, marked ‘G’ in Fig. 2, it discharges into a tank ‘H’
connected to tank ‘I’ below the header tank. Hence,
the ﬂow circulates through the pumped system.
2.1 Retention efﬁciency testing
The particulate used for testing the HDVS included
a pre-expanded polystyrene (‘Styrocell’) and an ion
exchange resin used in water treatment applications
(‘Purolite’). Both types of particles are generally spher-
ical, and hence, a sphericity of 1 can be assumed. The
sphericity is deﬁned as the surface area of a sphere
with the same volume as the particle divided by the
Fig. 2 Schematic of the experimental rig used for testing
the 0.75m diameter HDVS
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surface area of the particle [6], which is given by
ψ = 4π(3Vp/4π)
2/3
Ap
(3)
where ψ is the sphericity, Vp is the volume of sphere,
m3, and Ap is the surface area of particle, m2.
Although the density of the particles is supplied by
the manufacturer/supplier of the particles, the ﬁgure
is not exact. In the case of Styrocell, it is thought that
pores of air may be trapped in the particle during
the manufacturing process, which would explain why
a fraction of particles ﬂoat inwater, despite the density
being stated as being in the range 1020–1050 kg/m3.
Purolite expands when wet, and since it is an ion
exchange resin, the density varies depending on what
ions the particles have come into contact with. The
particles were therefore characterized by taking dry
samples that were sieved to reduce the size range. The
volume of particles used in retention efﬁciency testing
ranged from 100 to 900ml, depending on the vol-
ume of particles available after sieving. Since Purolite
expands when wet, it was left in water for approx-
imately a week after sieving. Settling velocity tests
were then carried out on a random sample of typi-
cally 50 individual particles in a sieved size range. The
diameter of the settling column used was 0.25m, and
the maximum particle diameter can be assumed to
be no more than 5.6mm from the sieve sizes used.
Hence, from a ﬁgure adapted from Fidleris and Whit-
more [10], which accounts for wall effects on the
terminal settling velocity of a particle, the diameter
of the settling column is sufﬁcient to neglect these.
The temperature of the ﬂuid was taken before and
after the settling tests so that the density and viscos-
ity of the water could be determined. Each settling
test allowed the particle to settle in an adequate dis-
tance to allow the terminal settling velocity to be
achieved. Using a stop watch, the particle would then
be timed to fall a predetermined distance. The diam-
eter of a random sample of typically 50 individual
water soaked particles in a sieved size range was also
measured by using Vernier callipers, taking care not
to squash the particle while measuring its diameter.
Ideally the diameter of all the particles in the sam-
ple used in the settling velocity tests would be taken,
but due to the size of the particles, ease of handling
did not allow this. Assuming the sphericity to be 1
and with the mean settling velocity and mean parti-
cle diameter known, as well as the ﬂuid density and
viscosity, a mean particle density can be calculated.
This involves calculating the particle Reynolds num-
ber, equation (4), which is then used to calculate the
drag coefﬁcient from an equation proposed by Tur-
ton and Levenspiel [11]. The drag coefﬁcient is then
used in equation (1) to calculate the particle density.
This has been done for all the particle sieve size ranges
used in retention efﬁciency testing
Rep = dVsρf
µ
(4)
where Rep is the particle Reynolds number and µ is the
absolute viscosity of ﬂuid, kg/ms.
Faram et al. [12] have shown through experimen-
tation that the efﬁciency of such devices is time-
dependent since particles captured in the grit pot may
be re-entrained into the ﬂow. Each retention efﬁciency
test was therefore carried out for 10min, and the tem-
perature of the ﬂuid was taken at the start and end of
each test. At the end of each test, the butterﬂy valve
marked ‘D’, in Fig. 2, was closed before switching off
the pump to prevent the particulates remaining in the
HDVS from being ﬂushed out by the water remaining
in the header tank. The HDVS efﬁciency is deﬁned by
equation (5) and was determined by measuring the
volume of particles, instead of measurement by mass,
as this would include excess water held between the
particles by surface tension. Drying the particles after
each testwouldhavebeenextremely time-consuming,
particularly in the case of Purolite as each sample
would have to be soaked for at least a week to allow
the particles to expand
η = 100VGP
VT
(5)
where η is the efﬁciency, per cent, VGP is the volume of
particles remaining in the HDVS at the end of a test,
and VT is the volume of particles released into the
system.
Comparisons of efﬁciency by using different vol-
umes of particles have been made and it has been
determined that the efﬁciency is independent of the
particle loading for the volumes used in testing.
2.2 Pressure tapping measurements
Theuseof pressure tappingmeasurements tomeasure
the static pressure at the walls has revealed an insight
into the pressure distribution within the HDVS. BS EN
ISO 5167 [13] outlines the guidelines for placing pres-
sure tapping points on Venturi tubes, and wherever
appropriate, these were applied in this study. Figure 3
shows the location of each pressure tapping point.
Points 1–4 at the inlet were placed in a plane, i.e.
0.375m from the centre-line of the HDVS and were
arranged such that each was positioned 90◦ from each
other on the circumference of the inlet pipe. Points
5–8 are located on the same plane as points 2 and 4
at the inlet. Points 9 and 10 on the central shaft are
placed opposite points 5 and 7, respectively, and the
static pressure on the outside of the shaft is measured.
Points 11 and 12 are located half way down the grit pot,
in the same plane as points 5 and 7.
JPME225 © IMechE 2009 Proc. IMechE Vol. 223 Part E: J. Process Mechanical Engineering
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Fig. 3 Location of pressure tapping points on the 0.75m diameter HDVS
3 RESULTS
3.1 Pressure tapping
An observation during the reading of the static pres-
surewas that theﬂuctuationswerevery low, suggesting
that the pressures at the walls are fairly stable. Three
series of static pressure data were read from the four
individual pressure tapping points at the inlet, which
revealed negligible, if any, variation of the pressure
around the circumference of the wall due to the length
of the inlet pipe, which implied that a reasonably
developed ﬂow had been established. Figure 4 com-
pares the static pressure readings taken in the HDVS.
The data are the combined set of three series of
readings and the repeatability of the data is consistent.
Points 5–8 are located around the central drum of
the separator and the readings shown in Fig. 4 indi-
cate that there is anequalpressuredistributionaround
the outer circumference of the device, which is slightly
higher than the pressure at the inlet. This could be
due to the reduced velocity of the ﬂuid upon expan-
sion from the inlet into the HDVS. The static pressure
readings taken at points 9 and 10 are located on the
central shaft, which is at the centre of the separa-
tor. Here, the static pressure is low compared with
the pressure on the central drum of the separator,
as would be expected from a vortex ﬂow where the
pressure increases radially outwards [14], and the rota-
tion of the ﬂuid creates a low-pressure axial core [15].
At points 11 and 12, situated on the grit pot, the
static pressure is lower than at the inlet. This may be
expected due to the diameter of the grit pot being less
than the vessel. Hence, due to a pressure distribution,
which increases radially outwards, the pressure at the
wall of the main vessel would be expected to be higher
than in the grit pot.
At ﬂowrates of 3 l/s and lower, the pressure at each
tapping point is almost identical. This implies that up
to 3 l/s, the vortex ﬂow is not fully developed due to
the pressure on the central shaft and the vessel walls
being identical.
Fig. 4 Comparison of the static pressure readings in the 0.75m diameter HDVS
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3.2 Retention efﬁciency results
An observation during retention efﬁciency testing is
that particles are drawn towards the centre of the sep-
arator. This would imply that the vortex generated
within theHDVS tendsmore towards a free vortex than
a forced one, where particles would be forced outside
the device.
Plotting the retention efﬁciency against the inlet
ﬂowrate gives a series of efﬁciency cusps as shown in
Fig. 5. Each efﬁciency cusp follows a deﬁnite trend
and the repeatability of the data is consistent. The
data for the Purolite 500–710µm sieve range were not
repeated due to the time required to collect all the
particulate. Efﬁciencies for Styrocell 1.4–2.0mmbelow
4.25 l/s cannot be achieved because at lower ﬂowrates,
the particles tend to ﬂocculate and begin to ﬂoat. At
higher ﬂowrates, the turbulence in the ﬂow prevents
the ﬂocs forming. Flowrates >12 l/s cannot currently
be achieved due to facility constraints. Initially, the
trend in the efﬁciency cusps appears tobewith settling
velocity of the particles, but upon closer inspection it
can be seen that the particles, Purolite 500–600µm,
have the highest efﬁciency despite having a settling
velocity lower than Styrocell 2.8–5.6mm, as detailed
in Table 1.
Figure 6 shows the efﬁciency as a functionofQ2/D5Sg
(Froude number), VsC0.5d /U , and Vs/U .
From Fig. 6, where the efﬁciency has been plotted
as a function of the Froude number, it may be implied
that the ratio of the inertia to gravity forces in the sep-
arator has negligible effect on the efﬁciency due to the
lack in reduction of the spread of data. This result has
also been observed by Luyckx et al. [8] who studied
an HDVS operating with a constant underﬂow. The
dimensionless groupVsC0.5d /U brings the curves closer
together, implying that the particle properties have
Table 1 Particle properties
Mean Mean settling Mean
Particle type settling velocity particle
and sieve velocity standard surface load
size range (m/s) deviation (%) (kg/m2)
Purolite 500–600µm 0.026 27 6.9 0.2112
Styrocell 2.8–5.6mm 0.034 29 9.1 0.1009
Styrocell 2.0–2.8mm 0.029 25 11.7 0.0843
Styrocell 1.4–2.0mm 0.020 87 6.9 0.0625
Purolite 710–1000µm 0.009 66 9.8 0.0408
Purolite 500–710µm 0.006 86 13.3 0.0350
a greater impact on the efﬁciency.When the efﬁciency
is expressed as a function of Vs/U , the efﬁciency cusps
are brought closer together again suggesting that the
efﬁciency is more strongly linked with the settling
velocity of the particle.
Although thedatahavebeenbrought closer together
while plotting Vs/U , at a value of Vs/U equal to ∼0.4 a
variation in efﬁciency of ∼50 per cent exists, where the
efﬁciency of Styrocell 2.8–5.6mm is ∼30 per cent and
the efﬁciency of Purolite 500–600µm is ∼80 per cent.
Hence, a satisfactory single curve has not been
achieved.
Figure 5 shows a series of curves that are in the form
of a backward ‘S’. Plotting efﬁciency as a function of
V /Q, where V is the volume of ﬂuid in the separator
and Q is the inlet ﬂowrate, inverts the ‘S’ curve and
also takes into account the size of the separator. An
‘S’ curve may be described by the logistic function, as
in equation (6), which was developed for modelling
population growth [16, 17]
f (x) = A 1 + Be
−Cx
1 + De−Cx (6)
Fig. 5 Efﬁciency versus ﬂowrate for the 0.75m diameter HDVS
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Fig. 6 HDVS efﬁciency as a function of various dimensionless groups
Equation (6) is a four-parameter model, i.e. it requires
four constants to be speciﬁed; but by examination of
the function, thismaybe reduced. First, the termBe−Cx
applies negative growth in that when B → D the func-
tion approaches a straight line; therefore B = 0. Now,
when x → ∞, f (x) → A. Obviously, A = 100 as the efﬁ-
ciency does not exceed 100 per cent. The function can
now be written as
η = 100
1 + De−Cx (7)
Equation (7) is a two-parameter model. The coef-
ﬁcients that give the best ﬁt in a two-parameter
model may be determined by using an optimization
technique by Guymer [18]. This involves determining
the R2t value [19] for a matrix of values of C and D, and
reducing the range between the constants that give
the highest R2t value until a satisfactory accuracy has
been achieved for each. This has been done for each
efﬁciency cusp, when plotted against V /Q.
By plotting various quantities for the full range of
particles used, it has been found that the quantity
that appears to be controlling the efﬁciency is mass
diffusion, which is given by
md = d(ρp − ρf ) (8)
where md is the particle surface load, kg/m2.
Proc. IMechE Vol. 223 Part E: J. Process Mechanical Engineering JPME225 © IMechE 2009
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Table 1 lists the average particle settling velocity, the
standard deviation of the settling velocity expressed
as a percentage of the mean, and also particle sur-
face load based on the mean particle diameter and
density.
Hence, the larger the mass diffusion the higher
the expected efﬁciency. Thus, by plotting C and D
in the logistic equation against the mass diffusion,
it can be seen that a function exists as illustrated in
Fig. 7. (These constants have been normalized only
for the purpose of publication.) In Fig. 7, those points
that have been circled are ‘dummy’ points, used to
aid ﬁtting a trend line and are justiﬁed in that they
aid the function to consistently predict the efﬁciency
cusps that increasewhen themass diffusion increases,
as observed with the experimental data. The func-
tions that best describe the relationship between C
and D are polynomials. Hence, the efﬁciency of the
0.75m diameter HDVS may be predicted for any par-
ticle with a mass diffusion in the range for which
experimental testing has been carried out. The model
is thus dependent on the inlet ﬂowrate, which is the
same as the overﬂow ﬂowrate, the volume of ﬂuid
within the separator, and the particle density and
diameter. Figure 8 shows a good ﬁt by the model to
a range of efﬁciency cusps.
Fig. 7 Relationship between C and D in the logistic function and the particle surface load
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Fig. 8 Comparison of the model and experimental retention efﬁciency results for the 0.75m
diameter HDVS
4 DISCUSSION
An experimental study has been carried out to inves-
tigate the operational and performance attributes of
an HDVS by using a custom-built rig to attain accu-
rate separation efﬁciencies of particulates. Pressure
tappingdatahave revealed aneven radial pressuredis-
tribution on the outer walls and central shaft, and it is
observed that the vortex ﬂow within the HDVS is not
fully developed at a ﬂowrate <3 l/s in this particular
size of separator. Particulates have been characterized
usingmeasurementsofparticlediameter and terminal
settling velocity, which has allowed the mean parti-
cle density to be calculated rather than relying on
manufacturers speciﬁcations. Plotting retention efﬁ-
ciency as a function of dimensionless groups, used
Proc. IMechE Vol. 223 Part E: J. Process Mechanical Engineering JPME225 © IMechE 2009
 at Cardiff University on April 4, 2012pie.sagepub.comDownloaded from 
Experimental study of an HDVS 9
by previous researchers, has not resulted in a sat-
isfactory single-efﬁciency cusp. The efﬁciency has
therefore been deﬁned by the logistic function, where
the constants are described as a function of the parti-
cle surface load. A limitation of the model is that the
predicted efﬁciency is never 0 per cent as the logistic
equation in the form of equation (7) is asymptotic to
y = 0. However, the offset is fairly small and when siz-
ing a separator the required efﬁciency tends to be of
the order of 95 per cent, where it can be seen that
the model gives an adequate prediction. The func-
tions that best ﬁt the constants in the logistic equation
are polynomials. This means that the model is only
valid for particles with a mass diffusion within the
rangeused in testing. Furtherwork is required to attain
a more complete relationship for the constants. The
model does not take into account the shape factor of
the particle, since it is assumed that the particles used
in testing are spherical. The viscosity of the ﬂuid is also
not taken into account, depending on the nature and
concentration of ‘contaminants’ in the water and its
temperature. Although the model does consider the
size of the HDVS in that it takes into account the vol-
ume of ﬂuid in the separator, the application of the
model to HDVSs larger or smaller than 0.75m has to
be validated.
A possible limitation of the testing is that the results
are for a speciﬁc test period, and therefore does not
account for particle re-entrainment that could occur
over a longer duration. However, HDVSs of the inves-
tigated form have been demonstrated by others to be
relatively resistant to this phenomenon compared to
other deviceswith ‘exposed’ particle collection regions
[12]. A straight pipe of 45 diameters upstream of the
inletmaybeunlikely,where these systemsare installed
in practice. However, efﬁciency predictions with a
developed velocity proﬁle at the inlet to the HDVS
are a basis for comparisons with different conﬁgura-
tions of upstream pipe work. The method behind the
derivation of the efﬁciency model is a building block
for further studies on large scale HDVSs.
5 CONCLUSIONS
1. The pressure distribution within an HDVS has
found to be an even radial distribution on the walls
and the central shaftwhere the vortexﬂowbecomes
developed at a ﬂowrate of 3 l/s.
2. Retention efﬁciency has been plotted as a func-
tion of dimensionless groups used by previous
researchers, none of which has reduced the efﬁ-
ciency to a single cusp.
3. Retention efﬁciency testing has revealed that efﬁ-
ciency cusps are dependent onparticle surface load
and not particle settling velocity.
4. A model for predicting the efﬁciency of an HDVS
has been developed by using the logistic equation.
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APPENDIX
Notation
A constant (dimensionless)
Ap surface area of particle (m2)
AS plan area of the HDVS (m2)
B constant (dimensionless)
C constant (dimensionless)
Cd drag coefﬁcient (dimensionless)
d particle diameter (m)
D constant (dimensionless)
DS diameter of the HDVS (m)
g acceleration due to gravity (m/s2)
k constant (dimensionless)
md particle surface load (kg/m2)
q underﬂow discharge (m3/s)
Q inlet ﬂowrate (m3/s)
Rep particle Reynolds number (dimensionless)
U mean velocity at the inlet (m/s)
V volume of ﬂuid (m3)
VGP volume of particles remaining in the HDVS at
the end of a test (m3)
Vp volume of sphere (m3)
Vs particle terminal settling
velocity (m/s)
VT volume of particles released into the system
(m3)
η efﬁciency (per cent)
µ absolute viscosity of ﬂuid (kg/ms)
ρf ﬂuid density (kg/m3)
ρp particle density (kg/m3)
ψ sphericity (dimensionless)
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